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The universality of gravitational constant G (UGC) and that of free fall (UFF)
are consequences of the weak equivalence principle (WEP). Although WEP is a fun-
damental principle in gravitational physics, several theoretical models have predicted
its violation through, for instance, the dilaton exchange force.
In this thesis, an experiment to test the weak equivalence principle by testing the
universality of the gravitational constant G for different compositions is described.
The experimental apparatus“Newton-II”, designed to measure gravitational torque
from attractors of different compositions (copper and aluminum) on a torsion bal-
ance. The torsion balance comprises two tungsten columns (targets) suspended on
both ends of an aluminum bar, which is hung from a 30 µm diameter, 45-cm-long
gold plated tungsten wire. The torque signal is obtained as the twisting angle of the
torsion balance θ, which is visually monitored by a position sensor using an online
digital-image-analysis system.
The results are compared with the numerical calculation results with two com-
positions depending on the gravitational constants G̃Al−W (between aluminum and
tungsten) and G̃Cu−W (between copper and tungsten) as free parameters, which are
assumed to be constants over the present experimental length range. Values of the
ratios G̃Al−W/G̃Cu−W − 1 and G̃Cu−W/GN − 1 are (0.9± 1.1sta ± 4.8sys)× 10−2 and
(0.2± 0.9sta ± 2.1sys)× 10−2 , respectively; these are obtained at a center to center
separation of 1.7 cm and surface to surface separation of 4.5 mm between target and
attractor, which is consistent with the universality of G. A weak equivalence prin-
ciple (WEP) violation parameter of ηAl−Cu(r ∼ 1 cm) = (0.9± 1.1sta± 4.9sys)× 10−2
at the shortest range of around 1 cm is also obtained.
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1.1 Test of equivalence principle using torsion pen-
dulum
The universality of gravitational constant G (UGC) and that of free fall (UFF)
are consequences of the weak equivalence principle (WEP). The weak equivalence
principle is expressed as that ratios between gravitational mass and inertial mass
for every material are universal for any compositions. From the definition of the
inertial mass a = F/mI and that of gravitational mass F ∝ mg, gravitational
acceleration satisfies a ∝ mg/mI . If the ratio between the gravitational mass and
the inertial mass is constant for every material, the universality of free fall must be
kept [1, 2, 3]. Although the WEP is a fundamental principle in gravitational physics,
several theoretical models have predicted its violation through, for instance, the
dilaton exchange force [4, 5]. If a new composition-dependent force exists, it would
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lead to a violation of the universality of free fall at short range [1]. In another
theory, for instance, the superstring theory with supersymmetry breaking at low-
energies predicts violations of the equivalence principle at below centimeter scale
[6]. On the contrary, recent experiments such as the Eöt-Wash experiment [7, 8]
and lunar laser ranging measurements [9] report a 10−13 level confirmation of the
composition independence of gravitational acceleration. Although the WEP has
been sufficiently tested at the large scale over km range, its validity for the short
range, where a possible new boson exchange force can be probed as an additional
interaction, should be tested [7]. The number of experimental tests confirmed that
ratios between inertial mass for different compositions are the same for the ratio
between gravitational mass, using gravitational force from the Earth and the Sun.
On the other hand, there are no experimental tests of this weak equivalence principle
at a short range below centimeter scale. This study aims to examine a new short
range interaction by testing UGC at the millimeter scale, a region wherein no direct
experimental test of the WEP has yet been conducted. A modified gravitational
force between objects i and j, with an additional new term, can be expressed as










where GN is the Newtonian gravitational constant and a(r) is distance dependence
factor of the additional force term. The additional term is proportional to a new
“mass-like” point charge m̃, which is analogous to the usual gravitational mass mg.
In the previous WEP tests, a generalized point charge q = m̃/u is regarded as a
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function of neutron number and proton number, where u is the atomic mass unit, has
often been used. As the WEP is well tested at high precision of 10−13 at a planetary
scale (i.e., for Earth) [10, 11, 12, 13], it is safe to assume a(r) → 0 (r → ∞) in this
study. If we observe that m̃ is not equal to mg (which is measured at long distance)
in a short range experiment, then UFF must be violated at short range. This can be
assumed because the known “mass” is determined using Earth’s gravity, at a scale
wherein the WEP is well tested, therefore, they can be regarded as the inertial mass
within the precision of long range WEP tests.
A modification of the gravitational force can be tested in terms of the modified




















= GN (1 + Aija(r)) . (1.3)







is introduced for simplicity. Under the condition of the WEP, Aij = 1 is satisfied
for the all i, j.
In this study, we aim to investigate the possibilities that Aij ̸= 1 and a(r) ̸= 0.
To this purpose, the value of G̃ at different combinations of materials is measured
at the millimeter scale, which cannot be executed in short range inverse square
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law (LSL) tests such as those in [14, 15], without directly testing the composition
dependence using different materials. Both Aij ̸= 1 (violation of UFF) and a(r) ̸= 0
(violation of ISL) are necessary to deduce a composition dependence of G̃.
As discussed in a recent review by our group [16], when testing ISL without
the consideration of composition dependence, a new Yukawa force is widely used to








where λ is the range of the new short range interaction, α is coupling constant. On
the other hand, other models, such as the large extra-dimension model [17], obey a
modified power law force instead of the single Yukawa force. In such cases, a power
law force with a characteristic distance λ and new power parameter n,






is suitable to be used for describing the wide dynamic range of λ, especially for
distances significantly greater than the measuring distance r in the experiment [16].
In this study, we propose to extend this power-law parametrization to the com-
position dependent analysis. Chapter 2 describes the principle of gravity experiment
using torsion pendulum. In Chapter 3 monitoring system is described. Chapter 4
describes the main components of our experimental apparatus. Chapter 5 describes
the experimental results. Details regarding the interpretation of the experimental
results of G̃ in the model parameter spaces will be discussed in Chapter 6. Chapter
4
4,5,6 are referenced from [30].
1.2 Previous tests of the WEP using torsion pen-
dulum
Tests of the WEP require at least three materials as the different composition materi-
als. One provides the source of the gravitation (”attractor”) to which the remaining
two (”targets”) are attracted. Then, the difference of the accelerations of the tar-
gets for the attractor is measured. The most precise long range measurement used
the Sun as the source and the Earth and Moon as the targets [1]. The lunar laser
ranging observation used precision monitoring of the motion of the Moon relative
to the Earth [9].
TheWEP tests were also performed by using torsion pendulums. A ratio between
a gravitational force from the Earth or the Sun, and the inertial forces due to the
rotation of the Earth were measured in such experiments [7, 10, 18, 19, 20].
The accelerations of materials i and j are given by,
mIiai = mgig (1.7)
mIjaj = mgjg, (1.8)










If the ratio between inertial mass and gravitational mass, mI/mg, is independent
of the material compositions, i.e., δaij is 0. Therefore, δaij = 0 is equivalent to the
WEP. Numbers of experimental tests have confirmed that the ratio between inertial







here, A and B represent the materials. mg−long denotes the gravitational mass
measured at long distance. This can be interpreted as same as the test of WEP at







which directly implies the WEP. On the other hand, there have been no experimental
tests performed at around short range regions bellow millimeter scale yet.
An asymmetry between ai and aj is expressed as η, which called ”Eötvös ratio”. η
is determined as



















Figure 1.1 shows the experimental upper limit of η, obtained in the previous tests.
The test performed in the shortest range is obtained at r ∼ 50cm. Our study aims
6
Figure 1.1: The upper limit of the Eötvös ratio η. Constraints on the WEP violation
parameter η plotted as a function of the measuring distance between two attracting
objects.
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to perform the shortest test below this scale.
1.3 Baryon number coupling force
The new “gravitational charge” q defined in Equation (1.3) is proposed to be ex-
pressed in terms of the baryon number, e.g., as B = Z+N (Z and N are the atomic
and neutron numbers, respectively), or as IZ = N−Z, and so on [1]. If q = B, it can
be interpreted as a ”baryon number coupling” force. This baryon number coupling
force (BNC) was first proposed by Lee and Yang in 1955 [21]. If a new interaction
which couples to baryon number, WEP seems to be violated, if the interaction is
regarded as gravity. For nuclear mass is very close to the baryon number times
atomic unit u, it is hard to distinguish them. However, the gravitational mass is
slightly different from the baryon number times u, because of the mass defect and
the proton-neutron mass difference. Therefore, BNC can be tested by measuring
the gravity-like force between different compositions in a precision experiment.
There is no violation of the conservation of the baryon number in experiments.
Baryon number conserves in the standard model of particle physics, however, there
is no underlying theoretical symmetry to lead its conservation. Invariance under
a gauge transformation necessitates the existence of a neutral vector field which
generate new massless bose particle.
If the new massless field which couple to baryon number exists, a gravity-like
force between massive bodies must contain a contribution from BNC. By generalizing
this massless model to a massive model, the new baryon number coupling force term
8
can be supposed to be added by defining a new coupling constant.

























To distinguish, q = B, where B is baryon number, and α = ξ in case of BNC
test.
If δ is experimentally measured at a distance of r, parameter ξ can be obtained












for the case of a point mass. In addition, the error of ξ, σξ, can be estimated by














Considering δ ∼ 1, in the case of a small difference of B/µ, σξ is dominated by
the contribution of (Bi/µi(Bk/µk − Bj/µj))−1. Therefore, the factor ∆(B/µ) ≡
(Bk/µk −Bj/µj) represents the sensitivity of the measurement.
9
In our case, we use Copper and Aluminum, which corresponds to ∆(B/µ) ∼
10−4. On the other hand, if one does not measure composition dependence, i.e.
performed only ISL test, there is no sensitivity on ξ. It means that ISL data cannot
be a direct test of ξ.
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Chapter 2
Principle of the measurement
2.1 Equation of motion of torsion pendulum
In the present study, torsion pendulums as shown in Figure 2.1(a) are used as same as
the Cavendish’s experiment. The torsion pendulum comprises two metals (targets)
suspended below both ends of an aluminum bar, which is hung with a thin wire.
Figure 2.1(b) shows a typical free twisting motion of the torsion pendulum.
Assuming Hooke’s law, the equation of motion is expressed as
Iθ̈ + γθ̇ + κ(θ − θ0) = 0. (2.1)
Here, I is the inertia moment, γ is a friction coefficient, κ is a torsional spring
constant of the wire, and θ0 is a balanced angle of the torsion pendulum. By solving
this equation, θ is expressed as






























(b) Oscillation of the torsion pendulum
Figure 2.1: Torsion pendulums are used as same as the Cavendish experiment. (a)














where τ is the damping constant due to friction, and A is the initial amplitude. The
effect of friction on θ̈ can be corrected by determining corrected acceleration θ̈′ as,




(θ − θ0) , (2.4)
where the θ̇ term is the damping term due to the friction. Assuming Hooke’s law,
θ̈′ should have a linear negative correlation with θ.
2.2 Angular displacement
Figure 2.2 shows the principle of the measurement of gravity. If a gravity source
presents, the equation of motion is
12











Therefore, the gravitational force can be determined by measuring the displace-
ment of the balanced position δθ = τexternal/κ. It is because the balanced position
of the torsion pendulum is expected where the spring force of the twisting wire and




(a) Balanced position at θ0 (b) Dragging by gravity
Figure 2.2: The gravitational signal is obtained as an angular displacement of the
torsion pendulum. Angular displacements between (a) before and (b) after moving
the attractor mass positions, are going to be measured as the gravity signal.
Figure 2.3 shows a typical time sequence data in such measurement, which clearly
indicates the gravitational signal.
13
Figure 2.3: Typical data using the displacement method. The time evolution of the
torsion balance bar angle θ is plotted. Angular displacements between before and
after moving the attractor mass positions are going to be measured as the gravity
signal. It is because the balanced position of the torsion balance bar is expected
at a position where the spring force of the twisting wire and the gravitational force
dragged by the attractor mass are getting equals. The expected gravity signal is
clearly observed.
2.3 Forced oscillation
In this study, the gravitational sources are continuously rotating around the torsion
pendulum in a constant angular velocity. The schematic principle is shown in Figure
2.4. The twisting angle of the torsion pendulum θ is measured as a function of the
setting angle ϕ of the rotating attractor position relative to the target. The equation
of a forced oscillation is expressed using a general time-dependent force N(t), as
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Iθ̈ + γθ̇ + κ(θ) = N(t), (2.7)
If we assume N(t) as a periodic function of the attractor angle ϕattractor = Ωt,
Equation (2.7) can be rewritten as
Iθ̈ + γθ̇ + κ(θ) = N0cos(Ωt), (2.8)
here N0 is a constant factor. The solution to this equation is expressed as
θ(t) = θc(t) + θp(t). (2.9)
Here, θc indicates damping oscillation of the torsion pendulum, and θp indicates
forced oscillation due to the gravitational source motion. θp(t) is expressed as,
θp(t) =
N/I√










δ is a constant phase. Therefore, the gravitational signal can be distinguished as
cos(Ωt) behavior, from the normal oscillation of the torsion pendulum with cos(ωt)
behavior.
If the moving speed of the attractor, i.e. Ω, is very slow compared to the oscillation
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period of the torsion pendulum, i.e. ω, balanced position of the torsion pendu-
lum should move, synchronizing with the attractor motion. In this measurement,
accurate mechanical alignment of the attractor zero position, ϕattractor = 0, does
not be required because the attractor position ϕattractor can be determined from the
obtained data.
Figure 2.4: The attractors are continuously rotating around the target in constant
angular velocity. The twisted angle of the torsion balance bar is measured as a
function of the setting angle of the rotation attractor position relative to the target.
Results of the simulation using the Euler method are shown in Figure 2.5. Figure
2.5a shows a case of a very fast attractor moving speed of Ω ≫ ω, where only free
oscillation can be seen. On the other hand, case Figure 2.5b and Figure 2.5c, one
can confirm the effect of the attractor motion. Especially in case of Figure 2.5c, the
motion is dominated by the gravitational signal.
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(a) the rotation speed = 18 deg./sec
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(c) the rotation speed = 0.02 deg./sec
Figure 2.5: Simulation results obtained in the calculation for different Ω using the





3.1 Pico-precision image analysis system
Short range gravity experiments are often performed by using optical position sen-
sors to monitor target positions. In such cases, it would be difficult to distinguish
the twisting gravitational motion from an undesired parallel motion, for the gravi-
tational signal is observed as the twisting motion of the torsion pendulum. We use
a digital imaging technique to monitor the motion of the torsion pendulum in this
experiment. This system is expected to be able to distinguish the twisting motion
from the parallel motion by using rich image information.
3.1.1 OASys
The present digital imaging technique was originally developed for a high energy
collider experiment, as a geometrical detector position monitoring system [22]. For
the PHENIX experiment at RHIC (Relativistic Heavy Ion Collider) accelerator at
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Brookhaven National Laboratory, a position monitoring resolution of 25 µm was
required for the muon tracking chambers. To satisfy the requirement, a micro preci-
sion optical alignment system (OASys), which comprised fiber optic light source, a
convex lens, and a CCD camera, was developed. At RHIC, the position determina-
tion resolution of 10 nm was achieved, which is significantly better than the required
resolution of 25 µm. Triggered by the significant achievement at the PHENIX, a ded-
icated position monitoring system was developed aiming to obtain better precision
than at the PHENIX [23].
Figure 3.1: OASys for the PHENIX experiment [22]. OASys comprised of fiber optic
light source, a convex lens, and a CCD camera.
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Figure 3.2: Typical results from the OASys [22]. The position determination reso-
lution of 10 nanometers was achieved.
3.1.2 Position analysis
The pico precision digital image analysis system was first developed using a digital
video system [24]. Position data is obtained as a video image, captured by the
digital video camera. The video data are sent to PC via IEEE1394, then captured
and recorded as a movie file in an AVI format. In order to extract the position data
from the movie files, the AVI files are converted into sequential static image files in
BMP format. The intensity profiles are statistically analyzed in an offline analysis
tool developed for this purpose, yielding the position information. Figure 3.3 shows
the data analysis chain. At first, intensity histograms are obtained from the BMP
static files which are generated by Adobe Premier software. The object positions
are determined as the center of gravity positions. If we are interested in positions
and angles of line-shaped objects, position determination resolution is estimated as







here σ is the standard deviation andN is the event number. In a case of capturing
the position of ϕ 500 µm wire, a position determination resolution of 100 pm is
achieved in the system.
Figure 3.3: Pico-Precision Displacement Sensor [23]. The data analysis chain is
illustrated. At first, intensity histograms are obtained as sliced figures from the
BMP static files which are generated by Adobe Premiere software. The object
positions are determined as center of gravity positions.
3.1.3 The angle analysis
The angles of line-shaped objects can be obtained by using a linear line fitting.
Figure 3.4 shows the image analysis procedure for the position and the angle of
the line-shaped object. At first, intensity histograms are obtained from the sliced







here, I is the intensity and y is the position of the y-axis. To estimate the angle of
the objects, linear line fitting is applied to the x-sequence of the center of gravity
points. A typical angular resolution of about 1.2 × 10−6 degrees is achieved. The
angular displacement of the objects can be obtained by applying this analysis to all






























































































































Figure 3.5: Image analysis using static image files. The time sequence of the angular
displacement can be obtained by applying this analysis to all the image files.
3.1.4 The advantages of the image analysis
The angular displacement of the torsion pendulum should be proportional to the
gravitational torque from the attractor, if Hook’s law can be supposed. Therefore, a
short range gravity experiment using the torsion pendulum requires the information
of the twisting motion of the torsion pendulum. However, torsion pendulums have
various undesired oscillation modes. To estimate the gravitational torque from the
attractor, only the twisting mode is required because other oscillation modes lead
to systematic errors. This video analysis system can distinguish the twisting motion
(Figure 3.6(a)) from the parallel motion (Figure 3.6(b)). The twisting motion can be
obtained as a tangent of fitting function, on the other hand, the parallel motion can
be removed. Thus, this image analysis has the advantage to suppress the systematic
error.
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(a) Twisting mode (b) Swing mode
Figure 3.6: Oscillation mode. Torsion pendulums have various undesired oscillation
modes. The gravitational torque from the attractor, only the twisting mode is
required. The swing mode leads to systematic error.
3.2 Data acquisition system
In this study, we developed a new video data capture system comprises a CCD
camera and a PCI video capture board. Instead of performing offline extraction
analysis of the position information data retrieved from the image data recorded on a
disk, the image data are buffered on a capture board memory that is accessed during
the data collection process; thus, information pertaining to only the torsion balance
position is calculated and recorded. A very high positional resolution better than
the optical resolution or pixel size limit is obtained, as the position determination
precision corresponds not only to the standard deviation but also to the standard
error of the center of gravity of the position distribution [23]. θ is determined by
performing a linear line fitting for the center-of-gravity position sequence for every
25
video frame independent of the parallel pendulum motion of the torsion balance.
Figure 3.7: Offline data acquisition system. In order to extract the position data
from the movie files, the AVI movie files are converted into sequential static image
files in BMP format.
The offline analysis system is shown in Figure 3.7. In the case of measuring at
15 fps for 1 hour, the data size reaches 50 GB. In addition, the analysis time took 1
hour using the previous offline analysis system. We developed a new online system,
to suppress the data size and improve the analyzing speed. The new system was
designed to be composed of a CCD camera and a video capture board mounted
with FPGA (Interface LPC-530115). By performing the direct access to the capture
board memory, image data are obtained without being recorded into a video image
file. Intensity data are sent to PC, then, a linear line fitting is applied to the intensity
data. Thus, the position information can be obtained without saving the image files.
Also, this analysis code can be written using the C language. In this result, this
system can compress the data size into 0.005 times and reduce analyzing time into
0.001 times compared to the offline analysis system shown in Figure 3.7.
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Figure 3.8: Image analysis system with FPGA. By direct access to the capture board,
image data are obtained without being recorded into a video image file. Intensity




This chapter is referenced from [30]. For this study, we developed a new experi-
mental apparatus “Newton-II” shown in Figure 4.1 which is designed to measure
gravitational torque from attractors of different compositions on a torsion balance.
The torque signal is obtained as the twisting angle of the torsion balance θ, which is
visually monitored by a position sensor using an online digital-image-analysis system
[23, 24, 25, 26].
During a measurement, the angular position of the attractor ϕattractor slowly
rotates around the torsion balance, while monitoring θ. As the time scale of gravity
changing due to the attractor rotation is considerably larger than the free torsional
oscillation period of the torsion balance, the balanced angular position between
gravity and the torsional spring force can be measured as a synchronized signal with
the attractor rotation.
The torsion balance comprises two tungsten columns (targets) suspended on
both ends of an aluminum bar, which is hung from a 30 µm diameter, 45-cm-long
28
Figure 4.1: Experimental apparatus (Newton-II) comprising a torsion balance hung
from a wire and attractors (a), which are surrounded by an electric shield cover (b).
The entire setup is placed inside a vacuum chamber (c). Two tungsten targets
are attached to the ends of the torsion balance. Two aluminum and two copper
attractors are positioned on a turning table.
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wire (gold plated tungsten) Dia. : 30 µm
L : 450.0± 0.5 mm
target (tungsten) Dia. : 5.98± 0.03 mm
L : 50.00± 0.02 mm
two targets center to center dist. : 88.12± 0.04 mm
torsion balance bar (aluminum) W : 2.11± 0.02 mm
L : 94.10± 0.02 mm
T : 6.02± 0.02 mm
attractor (copper or aluminum) Dia. : 20.00± 0.02 mm
L : 116.40± 0.03 mm
pitch circle diameter : 123.00± 0.04 mm
Table 4.1: Details of the torsion balance and attractor components.
gold plated tungsten wire. Although the aluminum bar of the torsion pendulum
bends by target masses exists, an amount of deflection is less than 23µm. The
influence on the inertia moment is estimated to be less than 10−8 Nms2/rad. This
influence is equivalent to less than 0.01%. We assume Hooke’s law τ = −κ∆θ, where
τ is the torque and κ is the torsional spring constant, governs the wire twisting
behavior. Two copper and two aluminum attractor columns are placed parallel to
the targets on a turning table, whose axis of rotation is the same as the target
center axis. The details of the torsion balance and attractor components are shown
in Table 4.1. To eliminate the influence of electric fields on the target, the attractor
is surrounded by an electrical shield cover made of copper. All of the apparatus
components are electrically conductive and made of non-magnetic metals, and the
unit is mounted inside a vacuum chamber. The vacuum level is maintained at around
1 Pa; the vacuum pumps do not operate during the measurements to avoid the
influence of mechanical vibrations. The moving speed of the attractor needs very
slow compared to the oscillation period of the torsion pendulum. The attractor,
30
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Figure 4.2: The free twisting mosion of the torsion pendulum. The time sequence
data of the angle of the torsion pendulum θ is plotted.
therefore, is kept turning around torsion pendulum with a rotational speed of 360
degrees per 5 hours. The rotation is digitized into 0.005 degrees step function
because of the usage of the stepping motor. The angle of rotation θ is measured
using a CCD camera, positioned outside the vacuum chamber, which views the
assembly through an acrylic viewport at the top of the chamber. The shortest
distances between the target and each attractor are 1.7 cm center to center and 0.4
cm surface to surface. To avoid mechanical noise, the apparatus is set in a basement
room at Rikkyo University. The attractors move near the outer region of the targets,
enabling us to maintain rotation of the attractors around the torsion balance.
The reliance on Hooke’s law is examined by testing the deviation from har-
monic oscillation in a free oscillation measurement without moving the attractors.
Figure 4.2 shows a typical time sequence data of the torsion pendulum. Angu-
lar acceleration of the torsion pendulum is obtained by numerical analysis using
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Figure 4.3: Corrected angular acceleration θ̈′ = θ̈+γ/Itarget·θ̇ is plotted as a function
of θ (top). The solid line indicates the linear correlation function θ̈′ = −κ/Itarget · θ
expected from Hooke’s law. The residual between them is also shown (bottom).
the time sequence data. The torsional oscillation period is T = 403.55 ± 0.02
sec and amplitude damping life time is 6913 ± 31 sec. The resulting free oscil-
lation data were compared with the outputs of the torsional equation of motion
Itargetθ̈ + γθ̇ + κθ = τexternal, where Itarget is the inertia moment of the target and
γ is the coefficient of friction. Here, γ/Itarget can be expressed using life time as
shown in Equation (2.3). Figure 4.3 shows the correlation, which should be linear
and negative under Hooke’s law, between θ and its acceleration obtained by second
order time differentiation of θ. The influence of the friction term is eliminated in
Figure 4.3, in which the corrected angular acceleration θ̈′ = θ̈+ γ/Itargetθ̇ is plotted,
showing a clear linear correlation at |θ| ≲ 0.3 degrees. A torsional spring constant of
κ = (2.61±0.03)×10−8Nm/rad is obtained from this correlation, using a calculated
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inertia moment of Itarget = (1.08± 0.01)× 10−4 Nms2/rad. The error of the inertia
moment is a systematic error. Thus, the systematic error is estimated to be less
than 1% in κ/Itarget.
The angle θ is measured as a function of the continuously rotating ϕattractor. This
configuration is designed to suppress systematic error and maximize sensitivity to
the relative strength of gravitational force for different materials. For example, the
zero positions of θ and ϕattractor can be determined from the data obtained using the




This chapter is referenced from [30]. Figure 5.1 shows a part of the results of a
measurement of 48 hours. After obtaining this data, the measured data is smeared
by a time constant of the torsion pendulum and zero positions are determined. Then,
linear line fitting is applied for zero positions and the drift, which means moving
zero positions as time passes, is corrected. The data correction is shown in Figure
5.2. A typical time sequence result is shown in Figure 5.3, wherein θ is plotted
as a function of time, which is proportional to ϕattractor. Figure 5.3 clearly shows
a superposition of large and small oscillations, corresponding to the gravitational
torque, mainly from the copper or aluminum attractors.
A typical time sequence result is shown in Figure 5.3, wherein θ is plotted as
a function of time, which is proportional to ϕattractor. Figure 5.3 clearly shows
a superposition of large and small oscillations, corresponding to the gravitational
torque, mainly from the copper or aluminum attractors.
In total, 140 hours of data are accumulated and superimposed after high-frequency
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time [sec]






















Figure 5.1: The time sequence of the target angle of the torsion pendulum. It shows
a part of the results of measurement at 48 hours. High-frequency components are
filtered out in the offline analysis.
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Figure 5.2: Time-drifting correction. Wire drifting effect, which is undesired wire’s
twisting self-deformation phenomena, is evaluated and corrected by supposing linear
drifting.
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Figure 5.3: A typical time sequence of θ for two cycles. Statistical errors are shown
in black data points; Newtonian prediction with systematic errors is shown as the
shaded band. Free torsional oscillation can be seen as the fast oscillations of the
black dots around the shaded area, which is removed by a high-frequency filter in
later analysis. Time-drifting effects have already been corrected in this plot.
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filtering and time-drifting correction. The harmonic oscillation of the torsion bal-
ance bar cannot perfectly be suppressed during the measurement because of floor
vibration etc. Before superimposing the time sequence data, which can be regarded
as an angular dependence data with periodic boundary condition, high-frequency
components are filtered out in the offline analysis. Also, the wire drifting effect,
which is undesired wire’s twisting self-deformation phenomena, is evaluated and
corrected by supposing linear drifting during each attractor rotation period. The
result of the superposition is shown in Figure 5.4.
Systematic errors σsysθ on θ resulting from electric, magnetic, and thermal influ-
ences are estimated by dedicated measurements. The electric effect is evaluated by
placing an electrode near the attractor applying high voltages to see the twisting
effect on the target. The observed result is (2.01±1.96)×10−3 degree for an applied
voltage of 1000V, on the other hand, the measured remaining electric field at the
target position is less than 1mV. In addition, there is no effect from an influence
of the electrostatic charge of the acrylic viewport because it is set far enough. The
electric effect is estimated to be less than 2 × 10−9degrees from this result. Simi-
larly, the magnetic effect is evaluated by applying an artificial magnetic field near
the attractor. Combined with measured magnetic field changing produced by at-
tractor rotation, magnetic influence is estimated as zero consistent with precision of
6× 10−4degrees. Temperature changing also may cause wire twisting. The effect of
the temperature changing is also evaluated by measuring the target angle while the
temperature is changing without rotating the attractor, compared with real tem-
perature monitoring results during the gravity measurement. An artificial strong
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systematic error value σsysθ
magnetic effect < 0.15 µT < 6.0× 10−4 deg.
electric effect < 1 mV < 2.0× 10−9 deg.
thermal effect < 0.58 oC < 2.0× 10−3 deg.
mass ambiguity
target < 0.78 g < 9.9× 10−5 deg.
attractor < 0.71 g < 1.7× 10−5 deg.
tilting ambiguity
target < 0.25 deg. < 1.7 × 10−4 deg.
attractor < 0.01 deg. < 4.0× 10−5 deg.
misalignment
vertical < 2.0 mm < 8.4× 10−5 deg.
horizontal < 0.5 mm < 3.4× 10−4 deg.
statistical precision σstaθ ∼ 2.6× 10−5 deg.
Table 5.1: Experimental error budget for systematic errors σsysθ and statistical error
σstaθ are listed as typical values estimated at ϕattractor ∼ 60 degrees. Systematic errors
are included as parameter errors in the numerical calculation.
electric field, magnetic field, and temperature variation are applied while monitor-
ing the twisting effects without moving the attractors; this is compared with the
real environment to estimate their remaining effects after experimentally minimiz-
ing them. The obtained systematic error budget is shown in Table 5.1 along with
the statistical resolution of the position sensor including thermal noises. Note that
the precision of this measurement is dominated by temperature variation. In Figures
5.3 and 5.4, the statistical error and all systematic errors, including the reliability of
Hooke’s law, are shown. To enable a comparison with the experimental data after
high-frequency filtering, the same filtering process is applied to the numerical calcu-
lation results. The obtained results are consistent with the Newtonian calculation
within the experimental errors.
The results are compared with the numerical calculation results with two com-
positions depending on the gravitational constants G̃Al−W (between aluminum and
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Figure 5.4: Superposition of θ from all accumulated data is plotted as a function
of ϕattractor (top). The broken and dot-dashed lines show the contributions from
aluminum and copper attractors, respectively. Statistical errors are shown in the
black data points, and the Newtonian prediction with systematic errors is shown as
the shaded band. The residual between them is also shown (bottom).
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tungsten) and G̃Cu−W (between copper and tungsten) as free parameters, which are
assumed to be constants over the present experimental length range. The optimized
values are then obtained using a least square analysis, the result of which is shown in
Figure 5.5 using two ratios G̃Al−W/G̃Cu−W and G̃Cu−W/GN . Here, the PDG (Par-
ticle Data Group) value of GN [27] is used, and the ratios at 95% confidence levels
are obtained at r ∼ 1cm as follows:
G̃Al−W/G̃Cu−W − 1 = (0.9± 1.1sta ± 4.8sys)× 10−2(95%C.L.) (5.1)
G̃Cu−W/GN − 1 = (0.2± 0.9sta ± 2.1sys)× 10−2(95%C.L.), (5.2)
which are consistent with UGC within the experimental precision. Also, the obtained
results show that the absolute values are consistent with known GN , as
G̃Al−W = (6.73± 0.07sta ± 0.32sys)× 10−11 m3/kg/s2 (5.3)
G̃Cu−W = (6.69± 0.06sta ± 0.14sys)× 10−11 m3/kg/s2. (5.4)
This study confirms UGC at the shortest range of around 1 cm for the first time in
a direct measurement.
The obtained result can be interpreted as a WEP test by assuming that inertial
mass mI is equal to gravitational mass mg measured at a long distance, where WEP



























Figure 5.5: Composition dependence of the gravitational constant G at r ∼ 1cm.
Optimized region of ratios between G̃Al−W (aluminum and tungsten), G̃Cu−W (cop-
per and tungsten) and GN are plotted for 68 %, 90 %, and 95 % confidence levels
[25].
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if mg → mI at r → ∞ for compositions i, j, and k. Our results can be expressed as
ηAl−Cu(r ∼ 1 cm) = (0.9± 1.1sta ± 4.9sys)× 10−2. (5.7)
The present constraint on the WEP violation parameter is obtained at the shortest




This chapter is referenced from [30].
6.1 Model independent analysis
The obtained results on the WEP violation parameter η is compared with results
from other experiments, as shown in Figure 6.1. As η is defined as an experimental
asymmetry of the gravitational constant between two objects with different compo-
sitions, this quantity does not require any model parameterization of the modified
gravitational potential. In this sense, this η analysis is model-independent. As
shown in Figure 6.1, a very strong constraint on the upper limit on η on the order
10−13 is obtained at a length scale of r ∼ 1000 km. On the contrary, the previous
constraints are very weak, both at a very long scale (proportional to the radius of
the Milky Way galaxy) and at a short range scale. Among these results, the present
result sets a new constraint at the shortest range, although with low precision.
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Figure 6.1: Constraints on the WEP violation parameter η plotted as a function of
the measuring distance between two attracting objects. The result of this study is
shown as Newton-II 2016, with Washington 1999 [28], 1994 [29] and 2008 [7] results.
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The results in Figure 6.1 were obtained for various combinations of materials
i, j. As such, it is not easy to directly compare the implications for different matter
combinations; thus, the authors of [30] proposed a new quantity, the “reduced WEP





for various materials i and j, where B = Z+N is baryon number, µ = m/u is mass
in atomic mass unit u. Using this “normalization”, the constraints on ηij can be
compared for experiments performed with different materials. It is because it can be
shown that ηij ∼ ∆(B/µ)ija(r), therefore, a(r) can be extracted by this definition.
The results are shown in Figure 6.2. As with the results for η, the present study sets
a new constraint at the shortest scale, although the relative upper limit of η/∆(B/µ)
increases mainly because of the small value of ∆(B/µ) for aluminum and copper
used in this experiment.
Figure 6.2 represents the normalized experimental constraints on the WEP viola-
tion, which are represented as measuring distances. Any theoretical model proposing
WEP violations must be consistent with these data.
6.2 Model dependent analysis
The results can also be interpreted in the parameterization of the conventional
Yukawa force shown in Equation (1.5) and of the power law force in Equation (1.6)
after extending these to composition-dependent treatment. In the case Aij ̸= 1, we
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Figure 6.2: Constraints on the “reduced” WEP violation parameter η/∆(B/µ),
plotted as a function of measuring distance. The result of this study is shown as
Newton-II 2016. References are the same as Fig.6.1.
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introduce new parameters α̃ [5] and ñ, as distinguished from the α and n used in








for the Yukawa parameterization, and






for the power law parameterization. Using these parameterizations, the least square
analysis of the data shown in Figure 5.4 was performed using the Monte-Carlo
method to obtain the constraints on α̃ and ñ. In this analysis, numerical integration
over the material volume was performed, supposing the distance dependence of the
model parametrization.
In the case of the new “gravitational charge” q defined in Equation (1.3) is the
Baryon number B, we obtain
|α̃q=B| < 5.5× 10−2 (6.4)
at λ = 1 cm.
Experimental constraints on α̃ and ñ as a function of the range parameter λ are
shown in Figures 6.3 and 6.4, respectively. Figure 6.3 corresponds to the conven-
tional α − λ plot for Yukawa parameterization for testing the gravitational inverse
square law, as an extension for composition dependence. The characteristics of this
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Figure 6.3: Constraints on the Yukawa coupling parameter α̃ (95%C.L.) for various
direct measurements [7] in the case of q = B, where shaded area indicates excluded
area. The present study is shown as Newton-II [25]. Results from inverse square law
tests, which are interpreted as ”indirect”, without testing WEP, are also plotted as
the dashed lines [16] (HUST [31], Irvine [32]). References for Washington are the
same as for Fig.6.1, except for Washington 1990 [33] and 2007 [14].
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Figure 6.4: Constraints on ñ for various direct measurements [7] in the case of
q = B, where the shaded area indicates excluded area. The result of this study is
shown as Newton-II. These results are obtained from each WEP violation parameter
ηij. References are the same as for Fig.6.3. Results from inverse square law tests
cannot be shown without ambiguity because of no ηij data.
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α̃ − λ plot can be simply understood from the following discussion. If we measure
a composition dependence of the gravitational constant at a distance r, a typical





between objects i and k and objects j and k. Then, constraints on possible model












gives us the constraint curve of α̃ using the experimental value of γij, including its
measuring error.
By the definition of γij in Equation (6.5), it can be shown that γij can be ex-





which yields γij directly from Equation (5.6). In our present analysis, we use all the
data in Figure 5.4, including distance dependence; therefore, the obtained precision
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for α̃ is better than in this simple calculation. Indeed, if we do not use our distance
dependence data, the obtained precision decreases as
|α̃q=B| < 3.2× 102 (no r−dependence). (6.9)
This results from the factor (γAl−Cu − 1)/(AW−Al − γAl−CuAW−Cu) being large for
our material combination. It will be possible to improve this constraint in the future
by using a materials combination with large ∆(B/µ)ij, such as Be-Ti.
In addition to the Yukawa parameterization, we analyzed the results using the
power law parameterization of Equation (6.3). The constraints on the ñ−λ param-
eter space are shown in Figure 6.4. In this case, a simple calculation using γij(r) is









As Equation (1.3) is a two-dimensional function of Aij and r, α̃ can be examined
not only by testing the composition dependence but also by measuring the distance
dependence. Although α̃ represents composition dependence, the experimental pre-
cision is dominated by the measurements of distance dependence, as discussed above.
In fact, α̃ can be constrained much tighter than in the present study by testing the
inverse square law without testing the composition dependence at all [14, 15]. The
reason that data containing only distance dependence can set constraints on the
α̃ − λ and ñ − λ parameter space in Figures 6.3 and 6.4 can be understood as
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follows. By their definitions, the relationships among α̃ and α, and ñ and n are
α = Aijα̃; λ
n = Aijλ
ñ. (6.11)
For the actual value of Aij of nearly 1, constraint curves on α − λ and n − λ can
appear at nearly the same positions in the α̃−λ and ñ−λ plots. The corresponding
constraints are plotted in Figures 6.3 and 6.4. Inverse square law tests can set






where γ is the ratio of the gravitational constant measured at different distances r1
and r2 with a common combination of compositions i, j, then,
γ =
1 + Aijα̃(1 + r1/λ)e
−r1/λ













This is the reason why test results of the inverse square law can contribute to
constrain the composition dependent parameter α̃. However, these “indirect” con-
straints cannot inversely be interpreted as a WEP test. In other words, α̃ − λ and
η are not equivalent; and η cannot be obtained from the α̃ − λ constraint. In this
sense, the WEP violation parameter η should be regarded as the quantity directly
representing the composition dependence of G. It is interesting to point out that,
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tests of the inverse square law, such as [14], used different material attractors to
cancel Newtonian gravity. However, such measurements did not test the composi-





A new experimental device Newton-II is developed aiming at the WEP experiment.
In addition, a digital image analysis system is developed using FPGA. This system
compresses data size and reduces analyzing time. By utilizing this new system, a
long time measurement is getting to be possible. In this study, a direct measurement
of the composition dependence of the gravitational constant G is performed at the
shortest range of around 1 cm with a precision of 10−2. The obtained result con-
sistent with the composition independence of the gravitational constant G within
the present experimental precision. This result can also be interpreted as a short
range test of the WEP by assuming the WEP at a long range. This result gives the
most precise limit on the baryon number coupling α̃ at the shortest scale [1, 21].
In addition, these results setting the constraints at the shortest range of around
1 cm are obtained from the direct determination of the gravitational constant for
different materials, and the WEP violation parameter η. In terms of the power law
parameterization, our results set a new constraint on λ in the large ñ ≥ 6 region. As
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a plan, not only we can still improve the experimental sensitivity by changing the
test materials, but also extend our WEP study towards a shorter range at around 1




A.1 Numerical calculation using the Simpson method
A predicted gravitational signal is calculated by the numerical calculation using the
Monte-Carlo method. However, the numerical calculation using the Monte-Carlo
method takes a long time. For this reason, assuming that the attractor and the
target are lines (FigureA.1), an approximate predicted signal is calculated by using
the Simpson method. Setting parameters as shown in Figure A.2, Newtonian gravity
is expressed as
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Figure A.1: Assuming that the attractor and the target are lines, an approximate
predicted signal is calculated by using the Simpson method.s
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f(x2i, y2j) + 4f(x2i+1, y2j) + f(x2i+2, y2j)
+4f(x2i, y2j+1) + 16f(x2i+1, y2j+1) + 4f(x2i+2, y2j+1)
+f(x2i, y2j+2) + 4f(x2i+1, y2j+2) + f(x2i+2, y2j+2)
 (A.4)
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where hx = (x2i + x2i+2)/2 and hy = (y2j + y2j+2)/2. Figure A.2 shows the
result of the numerical calculation. The black dots show results of the Simpson
Method, the Blue dots show the result of the Monte-Carlo method. The result
of the Simpson method corresponds with the Monte-Carlo method, therefore, this
calculation is confirmed as an effective rough estimation. Also, this method reduces
calculation time into about 0.02 compared to the Monte-Carlo method.
Figure A.2: Results of the line integration using the Simpson method. The black
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